Abstract: With the decline in oil discoveries during the last decades it is believed that EOR technologies will play a key role to meet the energy demand in years to come. This paper presents a comprehensive review of EOR status and opportunities to increase final recovery factors in reservoirs ranging from extra heavy oil to gas condensate. Specifically, the paper discusses EOR status and opportunities organized by reservoir lithology (sandstone and carbonates formations and turbiditic reservoirs to a lesser extent) and offshore and onshore fields. Risk and rewards of EOR methods including growing trends in recent years such as CO 2 injection, high pressure air injection (HPAI) and chemical flooding are addressed including a brief overview of CO 2 -EOR project economics.
Improved Oil Recovery (IOR) methods encompass Enhanced Oil Recovery (EOR) methods as well as new drilling and well technologies, intelligent reservoir management and control, advanced reservoir monitoring techniques and the application of different enhancements of primary and secondary recovery processes. However, the present paper presents a comprehensive review of EOR status and opportunities to increase oil recoveries and final recovery factors in reservoirs ranging from extra heavy oil to gas condensate.
It is well known that EOR projects have been strongly influenced by economics and crude oil prices. The initiation of EOR projects depends on the preparedness and willingness of investors to manage EOR risk and economic exposure and the availability of more attractive investment options.
In the U.S., chemical and thermal EOR projects have been in constant decline from mid 1980's to 2005 (Figure 1 ). It is important to indicate that statistics on EOR activity is often masked because it goes unreported. In this article, all statistics and reports are based on available data from published articles, conference proceedings and other references. EOR gas injection project statistics remained constant since mid 1908's and exhibited a growing trend since year 2000, especially with the increase of CO 2 projects. Indeed, since 2002 EOR gas injection projects outnumber thermal projects for the first time in the last three decades. However, thermal projects have shown a slightly increase since 2004 due to the increase of High Pressure Air Injection (HPAI) projects in light oil reservoirs. Chemical EOR methods still have not captured the interest of oil companies with only two projects reported in 2008 [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, there is an increase in EOR chemical projects in the U.S. and abroad that have not been documented in the literature for different reasons that will be discussed later in the paper. One of the reasons to explain the increase in U.S. EOR gas injection methods is due to vast sources of cheap sources of CO 2 from natural sources ($US 1-2/Mscf) and a readily available CO 2 pipeline system making CO 2 EOR projects economically attractive at oil prices around $US 20 per barrel [19, 20] . However, it is important to remark that the CO 2 pipeline system in the U.S. was built in a 30 years (1975-2005) time span when oil prices and tax incentives were sufficiently attractive to ensure security of supply as main drivers as recently reported by Hustad [21] . On the other hand, the existing pipelines are privately own and this can be interpreted as a competitive advantage, but we cannot estimate the potential benefits or impact of privately vs. publicly owned CO 2 pipelines on future CO 2 -EOR and/or storage markets. Figure 2 shows evolution of CO 2 projects in the U.S. and average crude oil prices for the last 28 years. Oil price used are the refiner average domestic crude oil acquisition cost reported by the Energy Information Administration [22] . For reference purposes, crude oil price used in Figure 2 was arbitrarily selected for every month of June except for year 2010 (oil price as of March 2010). Although it can be concluded that CO 2 -EOR ("from natural sources") is a proven technology with oil prices > $20/bbl, this EOR method represents a specific opportunity in the U.S. and not necessarily can be extrapolated to all producing basins in the world. Therefore, the present paper reviews worldwide EOR experiences considering the limitations of reservoir lithology, onshore vs. offshore opportunities, limitations of the existing infrastructure and access to injectants (e.g., CO 2 ), market access and regional economic framework. Environmental aspects also play a more important role in the evaluation of the EOR strategies. This paper also describes CO 2 EOR and/or Storage opportunities representing new EOR drivers and challenges, especially economics, at the same time. Recent EOR technology developments and future EOR opportunities will be also addressed.
EOR by Lithology
Reservoir lithology is one of the screening considerations for EOR methods, often limiting the applicability of specific EOR methods [23, 24] . Figure 3 shows that most EOR applications have been in sandstone reservoirs, as derived from a collection of a 1,507 international EOR projects in a database consolidated by the authors during the last decade. From Figure 3 , it is clear that EOR thermal and chemical projects are the most frequently used in sandstone reservoirs compared to other lithologies (e.g., carbonates and turbiditic formations). This section will describe the status, recent advances and future trends of EOR technologies based on reservoir lithologies.
EOR in Sandstone Formations
It is well known that EOR methods have been extensively implemented in sandstone formations. In general, sandstone reservoirs show the highest potential to implement EOR projects because most of the technologies have been tested at pilot and commercial scale in this type of lithology. Additionally, there are some fields where different EOR technologies have been evaluated successfully at pilot scale demonstrating technical applicability of different EOR methods in the same field. Buracica and Carmópolis (Brazil), and Karazhanbas (Kazakhstan) are good field examples that have been subject to several EOR technologies at pilot scale in sandstone formations:
 Buracica is an onshore light oil (35 °API) reservoir with reported air injection (1978) (1979) (1980) , immiscible CO 2 injection (1991) and polymer flooding (1997) pilot projects. Immiscible CO 2 injection was expanded in the field using CO 2 captured from an ammonia plant [25] [26] [27] [28] [29] [30] .  Carmópolis is an onshore heavy oil (22 °API) reservoir with reported in situ-combustion (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) , polymer flooding (1969-1972 and 1997) , steam injection (1978) and microbial EOR or MEOR (2002) pilot projects. The field has been developed mainly by waterflooding [27, [31] [32] [33] [34] ).  Karazhanbas is an onshore heavy oil (19 °API) reservoir with documented polymer flooding [35] , steam injection [36, 37] , in-situ combustion and in-situ combustion with foam injection as conformance strategy [37, 38] ). Karazhanbas Field was developed by waterflooding, CHOPS or Cold Heavy Oil Production with Sand [39] and steam injection.
As was shown in Figure 3 , thermal and chemical methods have been the EOR processes most widely applied in sandstone formations compared to EOR gas injection. The following section provides an overview of different EOR methods implemented in sandstone formations.
Thermal Methods
Cyclic steam injection (Huff & Puff), steamflooding and most recently Steam-Assisted Gravity Drainage (SAGD) have been the most widely used recovery methods of heavy and extra-heavy oil production in sandstone reservoirs during last decades. Thermal EOR projects have been concentrated mostly in Canada, Former Soviet Union (FSU), U.S. and Venezuela, and Brazil and China to a lesser extent. Steam injection began approximately 5 decades ago. Mene Grande and Tia Juana field in Venezuela [40, 41] and Yorba Linda and Kern River fields in California [42] are good examples of steam injection projects over four decades. Some examples of recent steam injection projects reported in the literature are the steamfloods in the Crude E Field in Trinidad [43] , Schoonebeek oil field in Netherlands [44] and Alto do Rodrigues in Brazil [45] . Although attempts to optimize steam injection processes by using solvents [46] , gases [47] , chemical additives [48] and foams [49] have been proposed, few of these methods have been tested in the field [38, 50] ). One example is the LASER (for Liquid Addition to Steam for Enhancing Recovery) process, which consist in the injection of C5+ liquids as a steam additive in cyclic steam injection processes. Although the LASER process was tested at pilot scale in Cold Lake [51] the process has not been expanded at a commercial scale. Steam injection has also been tested in medium and light oil reservoirs being crude oil distillation and thermal expansion the main recovery mechanisms in these types of reservoirs [52] . However, steam injection in medium and light oil reservoirs has not contributed to EOR production worldwide.
Steam Assisted Gravity Drainage (SAGD) represents another important EOR thermal method to increase oil production in oil sands. Due to SAGD applicability in unconsolidated reservoirs with high vertical permeability [53] , this EOR method has received attention in countries with heavy and extra-heavy oil resources, especially Canada and Venezuela, owning vast oil sands resources. However and despite SAGD pilot tests reported in China [54] , U.S. [55] and Venezuela [56] , commercial applications of this EOR process have been reported in Canada only and more specifically those implemented in McMurray Formation, Athabasca (e.g., Hanginstone, Foster Creek, Christina Lake and Firebag, among others). Figure 4 shows reservoir depths, average horizontal permeability and formation of several SAGD (pilot and large scale) projects well documented in the literature. Among these projects, only those developed in McMurray Formation (blue bars of Figure 4) operate commercially. SAGD projects tested in Clearwater formation in Cold Lake, Canada (yellow bars of Figure 4 ) have proved to be uneconomic [57] . Commercial SAGD projects in McMurray formation validate the importance of the geology and reservoir characteristics for this EOR method, findings that have been reported by Rottenfusser and Ranger [58] , Putnam and Christensen [59] , and Jimenez [60] , among others. Therefore, the present level of understanding of the SAGD process and field experiences strongly suggest that this technology will continue to expand, depending of course on oil prices, mainly in Athabasca's McMurray formation. Alternatives to SAGD have been proposed. Those techniques include modified versions of SAGD through different well configurations or numbers of wells (e.g., Cross or X-SAGD, Fast SAGD and single well SAGD or SW-SAGD) or using additives (e.g., ES-SAGD) to steam [61] [62] [63] [64] ), respectively. However, all the proposed methods are at early stage of evaluation and are not expected to have an impact on oil production in the near future.
In-situ combustion (ISC) has been the second most important recovery method for heavy crude oils in the past decades. Despite its long history and some commercial successes, this EOR process has not been fully accepted among operators due to excessive number of inconclusive or failed pilots. However, an important number of failed projects can also be attributed to lack of understanding of the process and applications in reservoirs not necessarily appropriate for this EOR process. Although a few ongoing ISC projects in heavy oil reservoirs such as Battrum Field in Canada (Moritis [18] ), Suplacu de Barcu, Romania [65, 66] ), Balol, Bechraji, Lanwa and Santhal in India [18, [67] [68] [69] [70] and Bellevue in the U.S. [18, 71] , air injection in light oil reservoirs (referred to as High Pressure Air Injection or HPAI) has gained greater attention during the last decade. The successful application of air injection projects in light oil reservoirs like West Hackberry in the U.S. demonstrate that this recovery process is a viable EOR strategy for high dipping angle reservoirs combined with Double Displacement (DDP) strategies [72, 73] . Since year 2000, the number of ISC projects reported by Moritis [18] has been steady with 10 projects in sandstone formations. At the same time, the number of HPAI projects in U.S. light oil reservoirs has shown an important increase during the same period ( Figure 5 ). However, all these HPAI projects have been implemented in carbonate formations and will be discussed later in the paper. In addition to ISC and HPAI increasing trends reported by Moritis [18] during this decade, Duiveman et al. [74] and Hongmin et al. [75] documented air injection projects in Handil Field (2001), Indonesia and Hu 12 Block, Zhong Yuan Field in China, respectively. Although Handil Field HPAI pilot (0.5-1 cp oil) reported injectivity problems due to lack of reservoir communication in the pilot area the results were reported as encouraging [74] . On the other hand, air injection pilot reported in Zhong Yuan Field (3.9 cp oil) consisted in a Foam Assisted Water-Alternating-Air Injection pilot also reporting encouraging results [75] . Other examples reflecting the growing interest in air injection are the planned ISC in Rio Preto West onshore Brazil reported by Moritis [18] and studies reported by Hughes and Sarma [76] , Sarma and Das [77] and Teramoto at al. [78] , and Onishi et al. [79] evaluating technical feasibilities and potential of HPAI in Australia and Japan, respectively. Based on these recent trends, we suggest that air injection, especially in light oil reservoirs (HPAI), will continue to grow in the next decade.
Alternatives to ISC such as the "Toe-to-Heel Air Injection" or THAI" [80, 81] and CAPRI [82] processes have been proposed. CAPRI is the catalytic version of THAI (Catalytic THAI). Both processes are at early stages of evaluation through the Whitesands project partnership as reported by Petrobank Energy and Resources Ltd. [83] . Results of this project might be available by 2010 to confirm its EOR potential in oil sands and its potential applicability in other type of heavy oil reservoirs. Therefore, THAI is not expected to have an impact on EOR production in the near future. Additionally and as usual, crude oil price volatility will continue to play a key role to justify further THAI pilot tests. In regards to CAPRI processes, current competing surface upgrading technologies (e.g., SINCOR-Venezuela and Long Lake-Canada) may not justify the use of hydro-treating catalyst or costly hydrogen donors without having operational experiences with THAI.
Finally, several other approaches of thermal EOR methods have been proposed with none or low impact on oil production. Some of them include downhole steam generation [84, 85] , electric heating [86] [87] [88] or electromagnetic heating [89, 90] and microwave [91] technologies. However, these technologies have not been proved to be technically and economically feasible compared with traditional EOR thermal methods. Therefore, these technologies will not be further discussed in this paper.
Chemical Methods
Chemical EOR methods lived their best times in the 1980's, most of them in sandstone reservoirs [92] . The total of active projects peaked in 1986 with polymer flooding as the most important chemical EOR method (Figure 1 ). However, since 1990's, oil production from chemical EOR methods has been negligible around the world except for China [93] [94] [95] [96] . Nevertheless, chemical flooding has been shown to be sensitive to volatility of oil markets despite recent advances (e.g., low surfactant concentrations) and lower costs of chemical additives.
Polymer flooding needs to be considered a mature technology and still the most important EOR chemical method in sandstone reservoirs based on the review of full-field case histories. It is important to remark that this paper does not consider near wellbore treatments (e.g., gels and polymer-gels) as EOR processes, leaving them out of the scope of this review. According to the EOR survey presented by Moritis in 2008 [18] there are ongoing pilots or large-scale polymer floods in Argentina (El Tordillo Field), Canada (Pelican Lake), China with approximately 20 projects (e.g., Daqing, Gudao, Gudong and Karamay fields, among others), India (Jhalora Field) and the U.S. (North Burbank, Oklahoma). It is important to mention that a commercial polymer flood was developed in North Burbank during the 1980s [97] , demonstrating that this EOR method may still have potential to increase oil recovery in mature basins (i.e. mature floods with movable and/or by passed oil). North Burbank reinitiated polymer flooding on a 19-well pattern in December [98] . Other reported polymer flooding projects include Brazilian Carmópolis, Buracica and Canto do Amaro fields [26] . India also reports a polymer flood in Sanand Field [99, 100] . Oman also documented a polymer flood pilot developed in Marmul Field [101] and almost twenty years later a large-scale application is under way [18] . Additionally, Argentina (El Tordillo Field), Brazil (Voador offshore Field), Canada (Horsefly Lake Field) and Germany (Bochstedt Field) announced plans to implement polymer flood projects [18] . Listed ongoing and planned polymer floods provide a representative sample of field experiences that validates EOR potential of this recovery process.
Colloidal Dispersion Gels (CDG's) and BrightWater® also represent novel polymer-based technologies that are currently under evaluation at field scale. Although these technologies are quite different from a technical standpoint, both are meant to improve volumetric sweep efficiency in mature waterfloods, especially in reservoirs with high permeability contrast and presence of thief zones. Documented CDG's projects include Daqing Field in China [96, 102, 103] , El Tordillo [104] and Loma Alta Sur [105] fields in Argentina and in multiple U.S. oilfields [106, 107] . Regarding BrightWater® [108] , at the present time Milne Point in Alaska is the only field application discussed or documented in the public domain [109, 110] . However, it is expected that the number of CDG's and BrightWater® field applications will increase in the near future based on recent field and laboratory studies underway, opening a new window of opportunities for EOR chemical methods [111] [112] [113] [114] .
While polymer flooding has been the most applied EOR chemical method in sandstone reservoirs [115] , the injection of alkali, surfactant, alkali-polymer (AP), surfactant-polymer (SP) and Alkali-Surfactant-Polymer (ASP) have been tested in a limited number of fields ( Figure 1 ). Micellar polymer flooding had been the second most used EOR chemical method in light and medium crude oil reservoirs until the early 1990's [116] . Although this recovery method was considered a promising EOR process since the 1970's, the high concentrations and cost of surfactants and co-surfactants, combined with the low oil prices during mid 1980's limited its use. The development of the ASP technology since mid 1980's and the development of the surfactant chemistry have brought up a renewed attention for chemical floods in recent years, especially to boost oil production in mature and waterflooded fields.
Several EOR chemical methods, other than polymer flood, have been extensively documented in the literature during the last two decades. However, at the present time Daqing Field represents one of the largest, if not the largest, ASP flood implemented as of today. ASP flooding has been studied and tested in Daqing for more than 15 years though several pilots of different scales [96, [117] [118] [119] [120] . Gudong [121] , Karamay [122, 123] , Liahoe and Shengli [96] fields are other examples of Chinese ASP projects documented in the literature. Additional EOR chemical flooding reported during the last decade includes:
 ASP flooding in Viraj Field, India [124] and West Kiehl [125] , Sho-Vel-Tum [126] , Cambridge Minnelusa [127] and Tanner [128] fields in the U.S.  AP flooding in Xing Long Tai Oil Field [129] in China and David Pool in Canada [130] .
According to the EOR survey presented by Moritis in 2008 [18] there are ongoing ASP pilots in Delaware Childers Field (Oklahoma) and also refers to planned ASP floods in Lawrence Field (Illinois) and Nowata Field (Oklahoma), and SP floods in Midland Farm Unit, Texas (Grayburg Carbonate Fm.) and in Minas Field, Indonesia [131] . However, the number of ASP and SP floods is much higher than the ones reported in the literature as well the EOR survey presented by Moritis [18] because operators not necessarily respond to this survey. Authors of this paper are aware of ongoing projects in the U.S. and Canada not published in the literature [132] . Additionally, there are several projects in Argentina, Canada, India and the U.S. under reservoir and lab evaluations with pilot projects scheduled between 2010 and 2011. Therefore and despite the volatility of oil prices, it is fair to conclude that operators and surfactant manufacturers are showing a growing interest in EOR chemical flooding [132, 133] . This trend is also noticed with an increase of screening and lab studies to evaluate or re-estimate EOR potential of chemical flooding in different basins [134] [135] [136] [137] [138] [139] [140] [141] .
2.1.3. Gas Methods EOR gas flooding has been the most widely used recovery methods of light, condensate and volatile oil reservoirs. Although nitrogen (N 2 ) injection has been proposed to increase oil recoveries under miscible conditions favoring the vaporization of light fractions of light oils and condensates, today few N 2 floods are ongoing in sandstone reservoirs. Immiscible N 2 floods are reported in Hawkins Field (Texas) and Elk Hills (California) based on the Moritis EOR survey in 2008 [18] . No new N 2 floods in sandstone reservoirs have been documented in the literature during the last few years and we do not foresee an increment in the number of projects implementing this EOR gas flooding method.
Similarly to N 2 injection, hydrocarbon gas injection projects in onshore sandstone reservoirs have made a relatively marginal contribution in terms of total oil recovered in Canada and the U.S. other than on the North Slope of Alaska, where large natural gas resources are available for use that do not have a transportation system to markets. It is important to mention that in this paper we refer to EOR gas methods using hydrocarbon gases such as Water-Alternating-Gas (WAG) injection schemes, enriched gases or solvents and its combinations. Therefore, hydrocarbon gas injection as pressure maintenance or double displacement strategies are not considered EOR methods for purposes of this review. Most of immiscible and miscible EOR hydrocarbon gas floods in the U.S. are on the North Slope of Alaska [18, [142] [143] [144] [145] while in Canada a miscible gas flood is reported in Brassey Field [18] . The situation of hydrocarbon gas injection projects is different in offshore sandstone reservoirs [146] . However, this will be addressed later in the paper. In general, if there is no other way to monetize natural gas, then a more practical use of natural gas would be to use it in pressure maintenance projects or in WAG processes. However and if available, the substitution of hydrocarbon gases by non-hydrocarbon gases (N 2 , CO 2 , acid gas, air) oil recovery will make more natural gas available for domestic use or export while still maintaining reservoir pressure and increasing oil recoveries. Despite current low natural gas prices, the continued increase in energy demand will likely affect the viability of new large-scale hydrocarbon gas projects.
On the other hand, CO 2 flooding has been the most widely used EOR recovery method for medium and light oil production in sandstone reservoirs during last decades, especially in the U.S. due to the availability of cheap and readily available CO 2 from natural sources. Figure 2 clearly shows an increasing trend in the number of CO 2 field projects in the U.S during the last decade in both, sandstone and carbonate reservoirs. The number of CO 2 floods is expected to continue to grow in U.S. sandstone reservoirs. Some examples of planned CO 2 -EOR projects in the U.S. include Cranfield Field, Heidelberg West (from anthropogenic sources) and Lazy Creek Field in Mississippi and Sussex Field in Wyoming [18] . Number of CO 2 floods in Wyoming sandstone reservoirs are also expected to increase based in a recent evaluation presented by Wo et al. [147] (this will be constrained by availability of CO 2 for injection). Additionally, Holtz [148] recently reported an overview of sandstone gulf coast and Louisiana CO 2 -EOR projects to estimate EOR reserve growth potential in the area including sandstone reservoirs in the Gulf of Mexico. CO 2 -EOR in the U.S. has shown a vast potential to increase oil recovery and has been widely documented in the literature. Therefore, the present review will address briefly activities reported outside the U.S.
Some examples of CO 2 -EOR field projects in sandstone formations presented in various conferences and/or documented in the literature are summarized below:
 Brazil reports CO 2 floods in Buracica and Rio Pojuca fields [18, 149] and announced a CO 2 flood in Miranga Field from anthropogenic sources as an EOR and carbon storage strategy [149, 150] .  Canada actually reports CO 2 floods in Joffre and Pembina fields [18, 151] . Operators and government institutions of Canada have been very active evaluating CO 2 -EOR potential during the last decade [152, 153] . Recently PTAC (Petroleum Technology Alliance of Canada) estimated an up-side potential of CO 2 -EOR in Alberta of 3.6 billion barrels over the next two decades at oil prices of $45/bbl [154] .  Croatia reported a CO 2 pilot injection at Ivanić Field injecting CO 2 transported by trucks. Pilot results (2001) (2002) (2003) (2004) (2005) (2006) contributed to define larger application of CO 2 -EOR in the country considering the use of CO 2 from anthropogenic sources [155] [156] [157] ).  Hungary also reports more than four decades experience in CO 2 -EOR floods. CO 2 projects at Budafa and Lovvaszi fields are two cases well documented in the literature [158] . Szank Field represents a more recent CO 2 -EOR flood in Hungary using CO 2 from a sweetening plant [160] .  Trinidad also has more than three decades experience operating CO 2 -EOR projects using CO 2 an ammonia plant nearby the fields [161] . Moritis EOR survey [18] reports up to nine (9) active immiscible CO 2 floods operating since mid 1970s.
As can be seen, CO 2 -EOR has become one of the preferred EOR processes globally and considering CO 2 from natural and industrial sources. Mexico (Muro et al. [161] and the U.S. [147, 163] are just few examples of countries evaluating CO 2 sources and EOR potential in mature fields and mature CO 2 floods [164] . However, this will be further discusses in the section of EOR gas methods in carbonate formations.
EOR in Carbonate Formations
It is well known that a considerable portion of the world's hydrocarbon endowment is in carbonate reservoirs. Carbonate reservoirs usually exhibit low porosity and may be fractured. These two characteristics along with oil-to-mixed wet rock properties usually result in lowered hydrocarbon recovery rates. When EOR strategies are pursued, the injected fluids will likely flow through the fracture network and bypass the oil in the rock matrix. The high permeability in the fracture network and the low equivalent porous volume frequently results in early breakthrough of the injected fluids.
A large number of EOR field projects in carbonate reservoirs have been referenced in the literature during the last decades. Although these field projects demonstrate the technical feasibility of various EOR methods in carbonate reservoirs, gas injection (continuous or in a WAG mode) are still the most common EOR process implemented in this type of lithology ( Figure 3 ). Polymer flooding is the only proven EOR chemical method in carbonate formations while EOR thermal methods have made a relatively small contribution to world's oil production from carbonate reservoirs. However, High Pressure Air Injection (HPAI) projects have been steadily increasing in recent years, especially in light oil carbonate reservoirs in the U.S. [165] .
In contrast with sandstone reservoirs, there are few fields where different EOR technologies have been evaluated successfully at pilot scale demonstrating technical applicability of different EOR methods in carbonate formations. Yates Field (Texas) is a good example of a carbonate formation where different EOR processes have been tested successfully at different scales (from pilots to large scale applications). Some of the EOR processes evaluated in Yates Field that have been documented in the literature include:
 Nitrogen (N 2 ) injection began in the mid 1980's as a reservoir pressure maintenance strategy [166] [167] [168] .
 Steam flooding pilot was initiated late 1998 as a potential strategy to improve vertical gravity drainage process (Button and Peterson [168] [169] [170] .  Dilute surfactant well stimulation pilot test was reported early 1990's as a strategy to increase oil recovery by IFT reduction, gravity segregation of oil and wettability alteration, among others mechanisms [19, 168, [171] [172] [173] [174] .  In March 2004 Yates Field started replacing N 2 injection with CO 2 injection as a pressure maintenance strategy and enhanced gravity drainage [168] .
Manrique et al. [19] presented a comprehensive review of EOR field experiences in U.S. carbonate reservoirs. Although this review was specific for U.S. carbonate formations, it can be considered representative to estimate technical feasibility and potential of EOR processes in this type of reservoirs based on valuable field experiences documented in the literature. Alvarez et al. [175] 
Thermal Methods
Thermal EOR projects have not been popular in carbonate formations. Neither cyclic nor continuous steam injection has been widely used in carbonate reservoirs. The Garland Field in Wyoming [169] and Yates Field in Texas [168] represent two of the few steam drive projects in carbonate formations documented in the U.S [19] . Some of the steam injection projects documented in carbonate formations outside Canada and the U.S. includes:  Steam drive pilot at Lacq Supérieur Field, France [176, 177] .  Steamflood Pilot at Ikiztepe Field, heavy oil fracture reservoir in Turkey [178] .  Cyclic steam pilot in Cao-32 Field, fracture limestone heavy crude oil in China [179] .  Steamflood pilot and recently announced full field implementation in Qarn Alam Field, Oman [18, [180] [181] [182] . Oman also announced steam injection project in limestone Fahud Field among other steam pilots [18] .  Cyclic steam injection pilot in Issaran heavy oil field, Egypt [183] .  Steamflood pilot at the giant Wafra Field, Kuwait-Saudi Arabia [184, 185] .
As can be seen, steam injection in carbonates has been mostly tested at small scale and only Qarn Alam Field in Oman is announcing full field steam flooding operations. Therefore, steam injection in Qarn Alam Field will contribute to define the future of steam injection in carbonate formations. SAGD is another technology that has been proposed for carbonate reservoirs [186, 187] . A very limited number of studies are considering this recovery process for fractured carbonate reservoirs. However, the authors of this article believe the fractured and vuggy nature of carbonate formations can cause uneven sweeping along SAGD well pairs. This may lead to irregular steam chambers development causing the early breakthrough of steam into the horizontal producer, resulting in low recovery factors, and therefore uneconomic projects.
On the other hand, air injection projects in carbonate formations have shown a steady increase since 2000, especially HPAI projects in U.S. light oil reservoirs ( Figure 5 ). To date, U.S. operates eleven (11) HPAI projects in light oil (>30 °API) carbonate reservoirs in Montana and in North and South Dakota [18] . South and West Buffalo, and Medicine Pole Hill are good examples of combustion projects in light crude oil dolomitic formations [19] . The Buffalo Field (North Dakota) started air injection approximately 3 decades ago and projects are still in operation [188, 189] . The success and expansion of Buffalo and Medicine Pole Hill in North and South Dakota have contributed with the increase of HPAI projects in the area. Although all HPAI reported by Moritis [18] in Montana, North and South Dakota have been developed in the same low permeable dolomitic formation (Red River A, B and/or C), air injection have proven to have high potential to improve oil recovery and revitalize both mature and waterflooded carbonate reservoirs [190, 191] . This will be especially true in fields located in remote locations with no access to CO 2 sources.
There is no doubt that risk perception of air injection processes is still part of our industry. However, actual HPAI projects in U.S. carbonate reservoirs demonstrate that risks can be controlled and this process is economically attractive. Mexico is one example of countries evaluating air injection processes in naturally fractured carbonates given that most of its production and reserves are coming from this type of reservoirs. Mexico announced a potential HPAI project in The Cárdenas Field, onshore light oil (40 °API) fractured carbonate reservoir located in the South Region of the Chiapas-Tabasco basin [192] . Therefore, production results from recent air injection projects in the U.S. (Williston Basin) and potentially the pilot project in Cárdenas Field (Mexico) are likely to dictate the future of this recovery method in carbonate reservoirs in the U.S. and abroad.
Chemical Methods
Polymer flooding is the only proven chemical EOR technology, mostly at early stages of waterflooding, in carbonate reservoirs (Figure 3) . However, carbonate reservoirs have made a relatively small contribution to polymer flooding in terms of total oil recovered in the U.S. [19] . With today's technology, Alkali-Polymer (AP) and Alkali-Surfactant-Polymer (ASP) floods are applicable to sandstone reservoirs only. However, surfactant-polymer (SP) seems to be a feasible recovery process in both carbonate (e.g., Midland Farm Unit, Texas) and sandstone reservoirs. As of date, no chemical flooding other than polymer-flooding field in carbonate reservoirs have been reported in the literature reviewed. However, ASP has been tested in carbonate formations in the lab in Arab-D [193] and Upper Edward's [19] and Pietra Leccese outcrop [194] [195] [196] in core samples. Alkali-Surfactant single well test has been reported in the Mauddud carbonate reservoir in Bahrain as part of ASP feasibility studies in oil-wet limestone reservoirs [197] .
Surfactant injection is the only chemical method used recently as a well stimulation and wettability modification of carbonate reservoirs. In fractured reservoirs, spontaneous water imbibitions can occur from the rock matrix into fractures. Subsequently, this mechanism leads to oil drainage from the matrix towards the fracture network, making surfactants attractive to improve oil recovery in oil-wet carbonate reservoirs by changing rock wettability (to mixed/water wet) and promoting the imbibition process. Cottonwood Creek and Yates fields are two examples of surfactant stimulations well documented in the literature. Recent studies in Norway have demonstrated positive effect of seawater injection in the carbonate chalk reservoirs, when sulfate-containing seawater contributed to the development of strong water wettability of the chalk matrix rock over the years of waterflooding [19] . Given the vast quantity of world's oil reserves is contained in carbonate reservoirs, chemically-assisted methods (e.g., spontaneous imbibition, wettability modifiers and ITF reductions) based on surfactant injection represents an active research area as a strategy to improve oil recovery in carbonate formation [198] [199] [200] [201] [202] [203] [204] . However, as of today no large field application has been documented in the open literature.
Based on the present status of the technology, chemical EOR methods are not expected to make an important contribution in oil production from carbonate reservoirs during the next one or two decades. However, chemically based gas and water shut-off strategies (e.g., gels and foams) will continue to contribute optimizing water, gas or WAG projects in carbonate reservoirs in the near future [205] [206] [207] [208] [209] [210] [211] .
Gas Methods
EOR gas flooding has been the most widely used recovery methods of light, condensate and volatile oil carbonate reservoirs. Figure 3 clearly shows that gas injection have been the EOR method most frequently applied in carbonate formations compared to EOR chemical and thermal methods. N 2 flooding has been an effective recovery process for deep, high-pressure, and light oil reservoirs. Generally for these types of reservoirs, N 2 flooding can reach miscible conditions. However, immiscible N 2 injection has also been used for pressure maintenance, cycling of condensate reservoirs, and as a drive gas for miscible slugs [19] . Although over the last four decades several N 2 injection projects have been reported in carbonate reservoir in the U.S., Moritis [18] reports only one miscible WAG-N 2 in Jay LEC a deep (15,400 ft) carbonate reservoir in Florida and Alabama [212] . However, more recently, the operator of that field announced a temporary production suspension at the Jay Field [213] . Outside the U.S., Cantarell is the only representative N 2 injection project ongoing in an offshore carbonate field well documented in the literature [214] . No new N 2 floods in carbonate reservoirs have been documented in the literature during the last few years and we do not foresee an increment in the number of projects implementing this EOR gas flooding method, but in Campeche Bay Area in the Gulf of Mexico (GOM) in Mexico. The number of projects in this area (e.g., KMZ) is expected to grow in the near future given the availability of N 2 generation capabilities in the region. High capital (e.g., Air separation units) and operational (e.g., N 2 rejection units, if required) costs associated to N 2 injection have reduced the interest in this recovery process in recent years. Additionally, with recent successes and field expansions reported in Montana, North Dakota and South Dakota HPAI (High Pressure Air Injection) has surged as a potential option with lower capital and operational costs than miscible N 2 floods. However, N 2 injection still represents an option that can be justified for high pressure and high temperature (HP/HT) light oil reservoir if there is no access to other gas sources [215, 216] . Similar to N 2 injection, hydrocarbon gas injection projects in onshore carbonate reservoirs have made a relatively marginal contribution in terms of total oil recovered in Canada and the U.S. [18, 19] . As was aforementioned, in this article we refer to EOR gas methods using hydrocarbon gases Water-Alternating-Gas (WAG) injection schemes, enriched gases or solvents and its combinations (Hydrocarbon miscible flooding) [217] . Some examples of the hydrocarbon miscible flooding (continuous injection or in WAG mode) ongoing or under evaluation in carbonate formations that have been documented are reported in Canada, the Middle East and offshore carbonate formations [18, [218] [219] [220] [221] [222] [223] . If there is no other way to monetize natural gas, then a more practical use of natural gas would be to use it in pressure maintenance projects or in WAG processes while new business opportunities become available. This development strategy will contribute to preserve reservoir energy maximizing oil recovery with an upside potential of monetizing natural gas through reservoir depressurization strategies implemented or proposed in the North Sea [224] [225] [226] .
CO 2 -EOR has been successfully implemented in both mature and waterflooded carbonate reservoirs [18, 19] . CO 2 flooding from natural sources has been the most important EOR process in the U.S. and particularly in carbonate reservoirs of the Permian Basin. Moritis [18] reported 105 active CO 2 floods in the U.S. being 63 projects in carbonate formations mainly in the Permian basin of Texas. The popularity of CO 2 projects is closely related to the abundant availability of natural sources of CO 2 and associated CO 2 transporting pipelines that are generally located close to the oilfields [19, 21] . CO 2 -EOR in U.S. carbonate reservoirs is expected to continue to grow (Figure 2 ) based on natural sources of CO 2 . If CO 2 flooding is to increase, non-natural sources will need to be incorporated at competitive costs. In simple terms, if CO 2 is available it will remain the most sound recovery choice for carbonate reservoirs unless more viable EOR strategies are developed. Canada (e.g., Enchant Midale, Judy Creek, Swan Hills and Weyburn) and Turkey (e.g., Bati Raman) also report well documented CO 2 -EOR projects in carbonate formations [18, [227] [228] [229] [230] . It is important to remark that Weyburn represents a large CO 2 -EOR project based on anthropogenic sources (Coal gasification) of CO 2 . Finally and most recently, Saudi Aramco announced its plans to inject CO 2 as an EOR and storage strategy at the giant Ghawar field. This strategy not only will contribute to reduce emissions but will also increase natural gas availability for power generation [231, 232] .
In today's world addressing CO 2 -EOR projects almost always inevitably links these projects to topics such as climate change. Climate change has become an issue of intense discussion over the last decade. Despite strong debate within the scientific community as to whether or not global warming is linked to population growth and industrial development, the international community is proactively trying to secure resources to meet future energy demands while simultaneously restricting CO 2 and other greenhouse gas emissions generated by current energy production [233] . This topic has been overwhelmingly documented in the literature. Thus, this review will not try to provide an extensive list of references related to this topic. What the authors are trying to highlight is that CO 2 -EOR has become an attractive CO 2 storage alternative among the options currently available. However, it is important to remind that CO 2 storage capacity in oil and gas reservoirs is limited [166, [234] [235] [236] .
The fundamental reason why CO 2 storage combined with EOR has become the preferred emission reduction strategy is because high hydrocarbon price scenarios provide the necessary financial incentive for increasing oil and gas reserves through EOR methods and also generates the capital needed to fund such projects until proper regulatory framework is in place [237] [238] [239] [240] [241] . CO 2 -EOR is a proven technology that certainly can offset, if not exceed, the costs of CO 2 capture, transportation, and injection of CO 2 storage projects. However, based on actual cost of CO 2 capture, compression and transportation (if pipelines are not readily available) costs will be too high making CO 2 -EOR economically unattractive. Adding the lack of proper regulatory framework among other soft issues (e.g., public perception), we do not foresee an important increase in the number of projects implementing CO 2 -EOR from anthropogenic sources in the near future. In summary, the basic requirements to consider EOR a CO 2 (or greenhouse gases) storage have not been well established as of yet, which makes monitoring costs for potential leakage, i.e. liability issues, unattractive to oil companies based on lifecycle analysis. Therefore, potential drivers of CO 2 -EOR and storage will come from federal funding (e.g., DOE), utility and industry incentives for costly technology development, and changes in climate legislation or environmental regulations.
The economics (costs and revenues) involved in a CCS project can be broken down in many ways. However, it depends on the source of CO 2 (e.g., petrochemical plants vs. coal-fired power plants) and where it will be injected (e.g., EOR vs. saline aquifer). Assuming a scenario of CO 2 capture from a coal-fired power plant, we can divide the main economic variables into four categories: CO 2 capture and compression, CO 2 transportation, CO 2 storage (including wells and monitoring), and possible revenues (e.g., oil recovery and/or carbon credits), depending on the application (CO 2 -EOR vs. saline aquifers). Figure 6 shows an example of the main costs and revenues associated with CO 2 -EOR storage. Cost shown in Figure 6 represents average costs obtained from a comprehensive (unpublished) literature review completed in 2008. However, it is important to recall that costs such as transportation and compression of CO 2 will vary depending on the distance between the emission source (e.g., power plant) to the geologic sink (e.g., oil reservoir or saline aquifer) and its depth. Oil, carbon credits, and rates of exchange were obtained from different Internet sources [242] [243] [244] ). Regarding the carbon credits, the use of EUA OTC (European Union Allowances-Over the Counter Market) was arbitrarily selected because of easy access and the possibility of tracking historic prices as well as market definitions [245] . From Figure 6 , an approximate cost of US$100 per ton of CO 2 was estimated based on our reviews (total estimated cost per ton of CO 2 captured and stored), while the estimated incomes (oil prices and carbon credits) show their volatility in two, randomly selected, months of 2009. For the carbon credits, a rate of exchange of US$1.43 per euro was used [244] . It is important to mention that in April 2008, the average oil price was US$119/bbl and EUA OTC was reported to be at US$38.05/tCO 2 [236] . Therefore, combining price volatility of oil prices and carbon credits with costs associated with CO 2 capture, compression, and transportation (if pipelines are not readily available), CO 2 -EOR and storage might not be economically feasible unless additional incentives are established.
On the other hand, carbon credits will definitively not offset costs associated with CCS in saline aquifers (without EOR), at least in the near future ( Figure 6) . Additionally, the cost of CO 2 storage (including monitoring) in saline aquifers might be too high because of the lack of reservoir characterization and existing infrastructure (wells and surface facilities) compared to oilfields. As shown in Figure 6 , CO 2 capture and compression represent capital-intensive phases of any CCS project. Therefore, it is believed that with the refinement of current capture technologies and/or the development of new technologies, the opportunity will exist for major cost reductions in CCS projects. CO 2 capture costs around or below $30/ton are considered necessary in order to justify the economic feasibility of CCS projects in the near term, assuming that the proper regulatory environment and carbon market framework, among other issues (e.g., public perception) are in place. Therefore, we do not foresee an important increase in the number of projects implementing CO 2 -EOR from anthropogenic sources in the near future.
Finally, acid gas (mixtures of H 2 S and CO 2 ) injection has been also reported as an injectant for EOR applications in carbonate formations [18] . Zama Field in Canada [246] , Tengiz Field in Kazakhstan [247] and Harweel Cluster in Oman (O'Dell et al., [248] ) are a few examples of carbonate reservoirs with ongoing or planned sour or acid gas injection as EOR strategies.
EOR in Turbiditic Formations
Turbidite reservoirs are not a separate litho type, since they are sandstone formations. These deposits occur as a result of underwater landslides that create the so-called turbidity currents. As a result, they are frequently encountered in offshore locations such as Angola, Brazil and Gulf of Mexico. Our choice to present this particular type of reservoir is due to their importance in offshore environments and as target for important EOR applications [249] . Morel et al. [249] carried out a detailed feasibility study for an offshore reservoir with good petrophysical properties, which is also typical of other turbiditic reservoirs, but not always. As the authors indicate, this type of reservoirs provides good conditions for polymer injection, such as low temperature and relatively viscous oil at reservoir conditions, but severe shortage of platform space represents a problem. We summarize conditions of turbiditic environments with particular emphasis in the Brazilian offshore.
Brazil Offshore
Brazil represents a steadily growing oil and gas province in the Atlantic. Brazilian oil production represents an example of two very contrasting scenarios, one for onshore fields, with most of the reservoirs in an advance state of maturity, as opposed to offshore fields, most of them more recent discoveries, several of them early or midway in their production life. Some challenging situations are associated with the latter as shall be seen in this summary.
Shecaira et al. [26] summarize the IOR evolution in Brazil and its outlook, most of all after the creation of Petrobras, the stated-owned oil company, in 1953. IOR efforts in Brazil began in the sixties with water flooding in onshore fields, and subsequently with the use of several tertiary methods. The gradual increase in oil production from offshore areas in the late seventies changed the IOR panorama for Brazil. At present, water injection represents the main IOR activity in offshore fields, which accounts for roughly 74% of the Brazilian daily oil output.
Although Brazil experimented with several of the tertiary recovery alternatives proposed internationally, only a few methods actually moved from pilot evaluation to field scale. Commercial EOR in Brazil includes steam injection, carbon dioxide and polymer flooding. All these projects were executed on onshore fields, all of them in sandstone reservoirs, many in good quality reservoirs (see summary in Table 1 , Appendix). It should be noticed that many of the projects were implemented between 1969 and 1985, time period that preceded the fall of oil prices with the known effects on EOR activities at the time worldwide, including Brazil.
The situation in offshore fields represents a different and very challenging situation. Major offshore discoveries concentrate at water depths beyond 1,200 m (3,936 ft) . The latter, of course, narrows down the number of possible IOR alternatives, mainly focusing on reservoir management optimization choices, combined with well architectures such as horizontal or highly deviated wells to yield maximum return from those fields. Since waterflooding is the main offshore activity in Brazil, water management becomes an important issue. By 2002, twelve fields were under water injection, mainly for pressure maintenance, while for other seven, water injection plans were underway. From the 888,000 bwpd injected by 2005, and 330,000 bwpd produced, it was expected that roughly 3,145,000 bwpd will be injected by 2006. Several problems are associated with water injection. Lost of injectivity is an impairing problem because of the subsea wells completions that tend to dominate production schemes in the Brazilian offshore. Intervention for stimulation purposes in injection wells becomes rather expensive, requiring floating rigs. Several alternatives to alleviate water management problems have arisen. Open-hole completion in water injectors has been successful, but remedial activities for water diversion are then difficult. Raw water injection (or lower quality water) above the fracture threshold has been put forth as a serious option, and Petrobras PRAVAP program has dedicated efforts in this direction (PRAVAP is Petrobras corporative technology program that covers all aspects of the EOR activity, including monitoring programs such as time-lapse seismic). Another issue, now for producer wells, is inorganic salt deposition, mainly Barium and Strontium sulfates.
Offshore heavy oil reservoirs (API gravity lower than 19 and/or oil viscosity greater than 10 cp at reservoir conditions) are a challenge for operators in Brazil. The current proposed alternative would be cold production through high productivity wells (long-reach extended horizontal wells), plus associated water injection. Well-planned well architectures to delay/minimize water production and increase sweep efficiency are being proposed to make exploitation feasible. However, no more than 20% recovery factor is expected at present. A number of emblematic offshore oil fields are summarized in this section.
Albacora [250] [251] [252] [253] , one of the offshore giant fields, contains an estimated STOIIP of 4.4 billion bbl (by 1989, time of the development plan) at water depths ranging from 230 m up to 1,900 m. The field was expected to develop in 3 phases for a peak production of 288,000 bopd from 188 completed wells. The idea being to prepare exploitation phases for successively deeper water, as technology development and learning curves required progressed. This is tendency in offshore operations in the Campos basin, because water depths grow substantially reaching ultradeep waters in some of the new discoveries.
Seven oil reservoirs were detected: Namorado (typical cretaceous turbiditic sandstone in Campos basin), and Eocene, Oligocene 1, Oligocene 2, Oligocene 3, Oligo-Miocene and Miocene, Tertiary. Namorado is a representative turbidite in the Brazilian offshore, like Brent for the North Sea, present in many of the Campos Basin reservoirs. At the time (1989), the field represented 10% of Brazilian STOOIP and 15% of Campos basin STOOIP.
Phase I comprised the production of six exploratory wells, at water depths ranging from between 252 and 419 m. At the time, oil and gas production reached 33,000 bopd and 430 m 3 /d, respectively. Phase II would add 95 wells, completed in Namorado, Eocene and Oligocene 1, 2, and 3 reservoirs, and a few in Miocene and Oligo-Miocene units, to gather information. 39 injectors will be activated. This phase was divided in 2 steps. First, all possible alternatives and economical screening was used. The remaining cases were then optimized.
The challenge for developing offshore deep water oil fields led to a paradigm that differs from the 70's and 80's view, when closely-spaced vertical wells was the way-to-go. This is something that characterizes most of the onshore developments and early cases in the offshore, such as Namorado Field, in relatively shallow waters. In the new scenario, with a need to reduce the number of wells, largely spaced or multilateral wells are required. Another important challenge was to describe some the internal heterogeneities of turbiditic reservoirs. Although facies can be described from cores, scare information is available for interwell areas. One feature of Campos basin turbidites is the lack of outcrops that would facilitate the finding of analogues.
To illustrate the internal complexity of some offshore reservoirs that may have an impact on IOR activities, let us briefly review a paper by Barroso et al. [251] . These authors refer to the turbiditic reservoir Albacora, identified with the Namorado sandstone, a Cretaceous in age sediment. A relatively detailed stratigraphic description of Namorado sequences is reported. From the point of view of dynamics, calcite cementation (1-53 vol%) is the most important porosity and permeability control of the Namorado sandstone, which range 1.8% <  < 32% and 0.1 mD < K < 1,624 mD. [254] describe drainage grid alternatives, production philosophy, subsea arrangements, and oil and gas exporting shorewards for the Marlim Field development plan. They went into demonstrating the profitability of the Phase I project. The Marlim complex is a system of oil accumulations located nearly 100 km from the coast, in the Campos basin and extends an area over 381 Km ) of gas in place, at water depths between 660 and 1,000 m. The proposed development plans was to be developed in three stages, Pilot Production System, Phase I and Phase II. Water injection initiated in the oil leg with Phase I, some 15 months after the pilot (there was no apparent aquifer). Well spacing considered was 1, 1.4 and 2 Km, being the shortest spacing the most profitable. Oil density averages between 10 to 20 °API gravity. Because of the great depth and shallowness of the reservoir, highly inclined wells were necessary (most of them were seabed completed).
Marlim Complex. De Macedo and Asrilhant
Later, Capeleiro [255] presented some aspects of the Reservoir Engineering and development plan of the Marlim Field and how the experience was used for the neighbor fields, Marlim Sul and Marlim Leste. At this time, more than 50% of the Brazilian oil production came from the offshore fields at water depths over 1,000 m. By 2001, Marlim Field was producing 85,000 m 3 /d (535,000 bopd), from 60 producers and 32 water injectors. This medium oil field presents excellent petrophysical properties and good vertical communication. The oil is sub-saturated, with viscosity values between 4 and 8 cp. This combination of properties makes water pressure maintenance an efficient process. However, paraffin deposition in flowlines represents a problem for Marlim Field. To sustain the roughly 540,000 bopd, 640,000 bwpd were being injected. The recovery factor by 2001 reached 7.2%.
Pressure maintenance is carried out by injecting seawater in an alternate line drive pattern in the oil leg. Good reservoir properties and high vertical permeability, water injection tends to be stable, and hence efficient in the Marlim Complex. Although water injection is the only IOR process used in the Marlim Complex, polymer injection and WAG have been studied alternatives, but not implemented.
California Onshore
An emblematic onshore reservoir containing important turbiditic deposits is the Elk Hills Field [256] . This field has been discussed previously in this article, but it is worth mentioning, because it reflects that EOR is mostly constrained in this environments by operational conditions, such as those found in the offshore. This field has been extensively subject to thermal methods, which are unlikely to work in the offshore. However, CO 2 flooding, alkaline, enriched gas injection and other methods have been considered viable in this field [257] .
The Midway Sunset Field [258] represents another example of an onshore turbiditic deposit in California (Bakersfield area). The traditional scheme again is a form of steamflooding (or stimulation).
North Sea Offshore
Although a more detailed discussion on offshore is provided in the next section, it is interesting to advance the idea that CO 2 flooding has been given serious consideration in offshore environments. An example of a detailed study is associated with the Forties Field [259] . The field is located 170 km NE of Aberdeen. Significant incremental could, in principle, be obtained in a process like this. Internal complexities of turbiditic reservoirs must be resolved in order to mitigate uncertainties in this depositional environments.
EOR Offshore
EOR in offshore fields is not only constrained by reservoir lithology, as was described in earlier section of this article, but also by surface facilities and environmental regulations, among other factors [165, 260, 261] . Therefore, availability of EOR options in offshore fields is more limited than the onshore counterparts. The main drainage strategy in offshore fields has been pressure maintenance by gas and water injection. Figure 7 shows the statistics of oil recovery projects in the North Sea [262] [263] [264] [265] as well as EOR opportunities in offshore Malaysia [266] [267] [268] [269] [270] . [262] ) and, (b) EOR Opportunities Offshore Malaysia (From Samsudin et al., [268] ). On the other hand, Figure 8 shows oil production in the U.S. Gulf of Mexico (GOM) in shallow and deep waters since 1990 and the forecast until the year 2013. GOM oil production is mainly supported by water and/or gas injection [271] [272] [273] . Despite environmental conditions in the area (e.g., hurricane seasons), oil production from deep waters in GOM is expected to continue to increase in the future mostly based on conventional recovery methods rather than EOR projects [274] [275] [276] [277] . Mexico is another example of offshore reservoir production supported by gas injection, bottom water drive, and/or water injection. Regarding gas injection, it is important to note that Cantarell/Akal represents the largest N 2 injection project in the world [214, 278, 279] . Similar to previous examples, most offshore environments are under continuous optimization strategies of gas and waterflooding to extend field production life and maximize oil recovery [261, [279] [280] [281] [282] [283] [284] . Several EOR methods have been tested or have been proposed for offshore fields; however, only a few cases are listed in this review:
 CO 2 EOR/Sequestration has been proposed during the last decade [21, 239, 261, 285, 286] . CO 2 -EOR, from produced gas, has been tested in Dulang Field, Malaysia [268] ). Most recently Liner [287] suggests that CO 2 storage in offshore fields will be a preferred option compared to onshore fields. Although this study does not address EOR potential of CO 2 , main reasons to suggest that CO 2 storage in offshore fields represents the most reasonable strategy is based on safety (e.g., risk associated to CO 2 leakage) and good quality seismic data commonly available in offshore environments and required for reservoir description and CO 2 monitoring. CO 2 -EOR and storage in offshore fields can be based on anthropogenic sources of captured produced gases in offshore fields or from CO 2 piped from onshore facilities.  High-pressure air injection (HPAI) has been proposed (e.g., Ekofisk, North Sea), but has not yet been tested for technical and economical reasons [288, 289] . Mexico has also considered the potential of air injection in offshore fields [194] . However, we do not foresee offshore implementation of HPAI in the near term. o Single-well Alkali-Surfactant-Polymer (ASP) combined with single-well partitioning tracers before and after the ASP injection was successfully evaluated in Lagomar Field, Maracaibo Lake, Venezuela (Hernández et al., [291] , Manrique et al., [292] ).
o Single-well Alkali-Surfactant (AS) combined with single-well partitioning tracers before and after the AS injection was successfully evaluated in Angsi Field, offshore Terengganu, Malaysia [293] .
 Polymer flooding has gained recent interest for offshore EOR applications including the injection of Colloidal Dispersion Gels or CDG [18, 27, 114] . Some examples of proposed or field polymer flood test include:
o Dos Cuadras Field, offshore California [294] . o Dalia single well pilot in Camelia reservoir, offshore Angola (Morel et al., [295] ). o Pilot test of polymer flooding (hydrophobically associating water-soluble polymer or HAWP) conducted in SZ36-1 heavy oil field of Bohai Bay, offshore China [296, 297] .
Although there are several initiatives to evaluate EOR potential in offshore fields, most of them are at early stages or might not be economically attractive with the current technology. Therefore, it is expected that commercial applications of EOR methods would not likely take place for at least a decade or two. Surface facility constraints and environmental regulations (e.g., chemical additives for EOR) also represent major hurdles for large EOR applications in offshore fields. Offshore EOR projects are capital-intensive. If we add the volatility of energy markets, the risk associated with this type of projects is high, reducing the probability of implementation. Therefore, waterflooding and gas injection and their combined injection schemes (e.g., WAG) in conjunction with injection profile modification and/or gas or water shut-off (i.e., foams, gels, and in-depth gel treatments such as BrightWater®) strategies will continue to support offshore production in the near term.
Conclusions
Thermal methods, specifically steam injection, still dominate as the preferred EOR method for heavy oil reservoirs. As of today, SAGD seems to be a technology only applicable to Canadian Oil Sands and more specifically in the McMurray formation. High-pressure air injection (HPAI) represents one of the thermal recovery processes showing an increased interest in recent years in both carbonate and sandstone formations. However, HPAI field projects are still concentrated in the low permeable dolomitic Red River formation of Montana and North and South Dakota. Lack of understanding and dissemination of information regarding HPAI designs and risk mitigation have been probably responsible for the limited number of cases deployed as full-field projects, despite significant success in ongoing projects.
Hydrocarbon gas injection (continuous or in a WAG mode) continues to be the preferred recovery process in offshore fields, gas condensate reservoirs, or fields in remote locations without access to gas markets. N 2 EOR projects seem to be in decline except in the Campeche Bay Area in Mexico because of the availability of vast installed N 2 generation capacity. CO 2 injection is getting most of the attraction as an EOR method and potentially as a sequestration strategy in recent years. However, CO 2 -EOR projects in operation are mostly concentrated in the U.S. (especially in the Permian Basin) and associated to natural sources of CO 2 . CO 2 -EOR/sequestration projects are not expected to grow in the near future until industrial sources of CO 2 are produced at much lower costs and the proper regulatory framework is in place.
Chemical EOR methods have made a relatively small contribution to the world's oil production during the last decades. China is the country with the largest oil production coming from Chemical EOR projects. However, there are an increasing number of ongoing and planned SP and ASP evaluations at pilot scale, especially in Canada and the U.S. Polymer flooding is gaining interest for heavy crude oil reservoirs (i.e., Canada) and offshore fields. However, chemical EOR is not expected to impact world's oil production for at least two decades, if it is ever implemented at commercial scales.
The combination of conformance technologies (gel treatments) to improve injection profile and sweep efficiency with chemical EOR flooding such as CDG, SP, or ASP is starting to gain more interest from operators in South America and the U.S. based on El Tordillo Field successful experience in Argentina.
Despite the growing research interest on chemically assisted methods (e.g., spontaneous imbibition, wettability modifiers and ITF reductions) and surfactant-polymer (SP) flooding to improve oil recoveries in carbonate formations, these projects are not expected to impact global oil production in the near future. 
